Laser desorption laser-induced fluorescence ͑LD-LIF͒ detection of GeCl was used to determine in situ the surface coverage of chlorine during the etching of germanium by Cl 2 in an inductively coupled plasma ͑ICP͒ reactor. The ICP operated in the dim mode for radio frequency ͑rf͒ power Շ350 W and in the bright mode for higher powers. The etch rate was 3.5 m/min with 540 W rf power and Ϫ40 V substrate bias. The chlorine surface coverage was about 2ϫ that with chlorine flow only and the plasma off, both with dim-and bright-mode operation, and was independent of rf power within each mode for laser repetition rates of 0.2, 5, and 15 Hz. Similarly, the chlorination of the adlayer did not change when the ion energy was increased from 16 to 116 eV by increasing the substrate bias voltage, both with dim-and bright-mode operation. This was confirmed by x-ray photoelectron spectroscopy measurements in a similar high density reactor, where it was found that the surface density of chlorine was ϳ2.6ϫ10
I. INTRODUCTION
Plasma etching of Ge is of interest, in part, because of the need to pattern devices composed of GeSi alloys. While there have been several studies on the rate of etching Ge and GeSi by plasmas, 1-8 the fundamental understanding of such processes is much less complete than that for Si etching. Since the competitive balance of adlayer formation and removal determines the etch rate, in situ measurement of the adlayer itself is important in understanding the etching process. Previous studies of Si etching by high density chlorine plasmas [9] [10] [11] showed that laser desorption ͑LD͒ of the adlayer by a XeCl excimer laser followed by laser-induced fluorescence ͑LIF͒ of major desorbing species provides a semiquantitative measure of the degree of halogenation of the surface layer. In particular, the LD-LIF intensity of SiCl, a major desorbing species during the etching of Si by Cl 2 in inductively coupled and helical resonator high density plasmas, was found to be proportional to the adlayer chlorination SiCl x ; analogous LD-LIF measurements of desorbed SiBr during plasma etching by HBr and HBr/Cl 2 mixtures were used to determine the bromination of the adlayer. 12 In this article we explore the use of LD-LIF of desorbed GeCl to analyze the GeCl x surface adlayer during the etching of Ge in a chlorine inductively coupled plasma ͑ICP͒ reactor. Distinct similarities and differences in the chlorination of the adlayer are found during steady-state ICP etching of Ge and Si under various process conditions.
II. EXPERIMENTAL METHODS
The ICP chamber is made of a 6 in. stainless steel cube where one of four side ports is used for light collection. The source is powered by a 13.56 MHz rf power generator through an impedance matching network and a water-cooled four-turn ''stove-top'' coil above the rf coupling quartz window, which serves as the top port of the plasma chamber. The sample holder was rf biased at 18 MHz to induce the negative dc bias voltage that controls the ion bombardment energy. More details about this reactor are provided elsewhere. 11 For rf powers below about 350 W, the ICP operates in the capacitively coupled dim mode, while at higher powers it operates in the inductively coupled bright mode. Cl 2 was flowed at a rate of 25 sccm, leading to an 18 mTorr pressure at the wafer. Measurements of ion density and electron temperature in this ICP, made using a retractable Langmuir probe with the sample stage removed, have been reported previously. using indium. This sample was positioned 3.8 cm below the rf coupling window, and was maintained at room temperature by circulating water. For the etch rate measurements, the Ge sample was first patterned with photoresist ͑Shipley S1818͒; after etching, the etched depth was measured by profilometry following photoresist stripping ͑EKC J100 solution͒.
In the LD-LIF experiments, pulses from a XeCl excimer laser ͑Questek 2440, 308 nm, ϳ20 ns long pulses͒ were focused by a 50 cm focal length quartz lens, and directed onto the Ge sample at normal incidence. This same laser both heated the sample, to induce thermal desorption of surfaceadsorbed species, and excited laser-induced fluorescence in those desorbed species that absorb at 308 nm. Since the XeCl laser excites the GeCl B 2 ⌺←X 2 ⌸ r transition, this method is sensitive to GeCl, which is expected to be a major desorbing species. Given the laser pulse width ͑20 ns͒ and collision time in the plasma, the laser detects LIF in desorbing GeCl molecules before they can suffer collisions. The 308 nm laser induces resonant excitation in both GeCl B 2 ⌺←X 2 ⌸ r subsystems, [13] [14] [15] [16] specifically, vЈϭ1, 2←vЉϭ3, 4 in the first subsystem (rϭ3/2) and vЈϭ0, 1←vЉϭ4, 5 in the second subsystem (rϭ1/2). The emission was collected, analyzed by a monochromator, and detected by a GaAs photomultiplier. This signal was analyzed with a boxcar integrator. With typical pulse energy of 28 mJ and spot size of 4.5 mmϫ3 mm ͑13.5 mm 2 ͒, the fluence at the sample surface was ϳ0.2 J/cm 2 . As will be described, nearly all of the reacted adlayer is removed using this fluence for the different processing conditions studied, and therefore the LD-LIF signal is expected to be proportional to the chlorine content of the adlayer. Figure 1 shows the etch rate as a function of rf power at a fixed pressure ͑18 mTorr͒ and dc substrate bias ͑Ϫ40 V͒. In dim-mode operation, the etch rate increases slowly from 0.1 m/min at 90 W to 0.25 m/min at 275 W. It is an order of magnitude higher with bright-mode operation, increasing from 2.0 m/min at 400 W to 3.4 m/min at 540 W. The etch rate also increases with increasing dc substrate bias, from 1.3 m/min with no applied bias to 4.5 m/min with Ϫ100 V bias at 480 W ͑Fig. 2͒.
III. RESULTS
The plasma-induced emission ͑PIE͒ ͓optical emission ͑OE͔͒ spectrum during steady-state germanium etching in the Cl 2 ICP is shown in Fig. 3 . It has many very strong emission lines from atomic Ge, strong GeCl emission bandheads due to AЈ 2 ⌬→X 2 ⌸ r near 339.27 nm for the second subsystem and 350.15 nm for the first subsystem, and weak GeCl emission B 2 ⌺→X 2 ⌸ r band transitions from 289.12 to 309.80 nm. The wafer was lowered to 4 cm below the rf coupling window for these PIE measurements only, and the PIE was measured 0.2 cm above the wafer.
The LD-LIF spectrum during Ge etching in the Cl 2 plasma, shown in Fig. 4 , has GeCl molecular emission bands in both B 2 ⌺→X 2 ⌸ r subsystems, which are identified in Fig. 4 . Strong Ge emission lines are also seen and are attributed to a transient increase in PIE after laser desorption ͑LD-PIE͒. Figure 5 shows the time dependence of the LD-LIF of the GeCl peak at 297.12 nm and the LD-PIE of the Ge peak at 265.17 nm. The Ge LD-PIE emission line at 265.17 nm persisted for 10-15 s after laser desorption, which is consistent with the rate of diffusion of the transient increase in density after LD to regions outside the region of light collection. 9 In contrast, the GeCl LD-LIF emission decreased rapidly after laser desorption, which is expected for LD-LIF of species that are excited by the laser and that radiatively decay fast. In subsequent experiments, the LD-LIF intensity was monitored as a function of plasma conditions using the 289.12 nm GeCl emission line. A transmission filter centered at 290 nm was placed in front of the monochromator to reject scattered laser light. Still, some scattered light is detected; it has been subtracted from the spectrum shown in Fig. 4 . Figure 6 shows a typical trace of LD-LIF as the ICP was alternately turned on and off, with a different value of the rf power delivered to the coil for each ''on'' phase. The substrate bias voltage was Ϫ40 V and the laser repetition rate was 5 Hz. The letters D and B represent dim-mode and the bright-mode operation, respectively. These results are summarized in Fig. 7 . The LD-LIF intensity is seen to vary little when the rf power is varied above ϳ50 W. This same LD-LIF intensity and insensitivity to rf power ͑down to 100 W͒ was also seen using 0.2 and 15 Hz laser repetition rates. LD-LIF was also measured as the ICP was alternately turned on and off, with a different value of substrate bias voltage for each on phase, as shown in Fig. 8 . The rf power to the ICP source was 485 W ͑bright mode͒ in Fig. 8͑a͒ and 150 W ͑dim mode͒ in Fig. 8͑b͒ , and the laser repetition rate was 5 Hz. The results are summarized in Figs. 9͑a͒ and 9͑b͒, respectively. The LD-LIF intensity varies little with changing substrate bias voltage, both for dim-and bright-mode operation. Survey measurements at other GeCl B→X emission bands, including 297.12 nm, gave very similar results to these reported at 289.12 nm.
''Wait and probe'' experiments were conducted to examine the stability of the chlorinated adlayer and to determine what fraction of the surface adlayer is removed per laser pulse from the targeted spot. In these tests, the laser first irradiates the Ge surface under steady-state conditions, with the Cl 2 plasma turned on ͑or with the plasma off, but with exposure to Cl 2 ͒. After the LD-LIF signal intensity is noted, the laser is blocked, and then after several seconds the plasma ͑if on͒ is turned off and the chlorine flow is stopped; the chamber is then pumped for several minutes. The laser pulse train is then allowed to irradiate the surface again. This was performed with the ICP operating in the bright mode with either low ͑0 V͒ or high ͑Ϫ100 V͒ bias, and with chlorine exposure only. Based on earlier experiments on etching of Si in an ICP reactor, 11 these three cases represent conditions with potentially different levels of adlayer chlorination and different surface binding energies. In each case, when the laser pulses again irradiated the Ge surface after the chamber was pumped, the first pulse produced a LD-LIF signal with an intensity approximately equal to the steadystate value, which indicates that the chlorinated layer is stable during pumpdown. The second pulse ͑and subsequent pulses͒ produced a much smaller signal at the background laser scatter level, which indicates that each laser pulse re- moves most ͑if not all͒ of the adlayer from the targeted spot ͑saturation͒ with the laser fluence used here. Figure 10 shows a wait and probe experiment with 480 W rf power for medium bias voltage ͑Ϫ40 V͒.
X-ray photoelectron spectroscopy ͑XPS͒ measurements were conducted to check the unexpected independence of the LD-LIF signal on ion energy. Ge samples were etched in a helical resonator ͑HR͒ plasma operating at 18 mTorr Cl 2 and 500 W, and were then transferred ͑in vacuum͒ to an attached XPS analysis chamber. Previous etch rate and LD-LIF studies of plasma etching of Si ͑Ref. 11͒ have shown that this HR and the ICP ͑used for all of the other reported work͒ have similar plasma conditions and etching parameters. The wait and probe experiments demonstrate that the GeCl x adlayer is stable during the vacuum transfer. After Ge etching, XPS determined that the Cl/Ge ratio at the surface is 0.455 ͑Ϯ0.015͒, 0.455 ͑Ϯ0.005͒, and 0.50 ͑Ϯ0.03͒ for 40, 117, and 170 eV ion energies, respectively. These correspond to areal densities of 2.6(Ϯ0.1)ϫ10 15 , 2.6(Ϯ0.1)ϫ10 15 , and 2.8 (Ϯ0.2)ϫ10 15 Cl/cm 2 in the adlayer, respectively. ͑The stated errors for areal densities do not include the roughly 50% uncertainty in the electron mean free path lengths.͒
IV. DISCUSSION

A. Analysis of observations
The strong GeCl LD-LIF signals suggest that GeCl is a major laser desorption product of Ge surfaces exposed to Cl 2 plasmas. The laser excites LIF in desorbing molecules before they can be dissociated by electron impact. Therefore, the observed signal is not due to GeCl LD-PIE, which could originate from the electron-induced dissociation and concomitant or subsequent electron excitation of desorbing GeCl 2 . The authors of Ref. 17 suggest that Ge͑100͒ surface dimers exposed to a Cl 2 beam in ultrahigh vacuum are saturated with one full monolayer of Cl as the monochloride ͑and not the dichloride͒. XPS measurements by Zhang et al. show that GeCl is also a major surface component during Ge etching in chlorine based plasma. 5 The GeCl LD-LIF signal appears to represent the degree of surface adlayer chlorination.
While GeCl 2 cannot be detected with the current LIF system, it cannot be discounted as a desorption product because it is seen after thermal etching of Ge. Madix and Schwarz 18 Temperature-programmed desorption of GeCl 2 from a Ge surface exposed to HCl gas was described by near-first-order kinetics. 19 In Ref. 20 it was concluded that GeCl 2 is the only product during laser-induced etching of Ge by a supersonic Cl 2 beam. Because of the ion-induced damage on the surface during plasma etching, lower chlorides can be desorbed during plasma exposure, as has been seen for Si etching.
The Ge surface is roughly twice as chlorinated during ICP etching as during exposure to chlorine, with the plasma off ͑Fig. 7͒. A more heavily chlorinated adlayer during plasma etching has also been seen for Si. 11 If the chlorine content of the Ge surface during exposure to Cl 2 gas flow is 1 monolayer ͑ML͒, these LD-LIF measurements suggest that the chlorine content of the surface is ϳ2 ML when the plasma is on. The degree of surface chlorination during Ge etching is relatively insensitive to rf power ͑Fig. 7͒ for a 5 Hz laser repetition rate. It is approximately the same for rf powers from 50 W ͑dim-mode operation͒ to 500 W ͑bright-mode operation͒, even though the ion density increases from 2 ϫ10 10 /cm 3 to 4ϫ10 11 /cm 3 in this range. 11 This general insensitivity of the adlayer content to rf power was also observed in previous studies of ICP etching of Si. 11 Below 50 W there is a falloff in the content of the GeCl x adlayer.
The etch rate of Ge in the chlorine ICP reactor is faster than that for Si under comparable plasma conditions. In bright-mode operation it is about 2.5ϫ faster ͑2750 vs 1100 nm/min at 480 W rf power and Ϫ40 V bias͒, and in the dim mode it is about 3ϫ faster ͑300 vs 90 nm/min at 300 W rf power and Ϫ40 V bias͒. Fast etching in Ge has been previously reported 3-5 in low density plasmas; larger etch rates for Ge vis-à-vis Si have also been reported in chlorine-based plasmas, 3-6 as well as in fluorine-1-4,7 and bromine-based plasmas.
3,4 The LD-LIF signal was noticeably smaller during Si etching with dim-mode operation when the laser repetition rate was 5 Hz than when it was 0.2 Hz, 11 suggesting that the surface chlorination does not attain steady state in the dim mode in 0.2 s ͑5 Hz͒ because of the low ion density (2 ϫ10 10 ions/cm 3 ). In bright-mode operation (4 ϫ10 11 ions/cm 3 ), the LD-LIF signals were the same for Si at both repetition rates. However, during Ge etching there is almost no variation of the LD-LIF signal at any rf power Ͼ100 W when the laser repetition rate is varied between 0.2 and 15 Hz. This suggests that the surface is rechlorinated very rapidly ͑Ͻ0.1 s͒ to the saturation level during Ge etching even with the very low ion density typical of dim-mode operation. Furthermore, since the etch rate closely follows the ion density variation with rf power ͑Fig. 1͒, while the adlayer thickness does not change, increasing the ion flux equally increases the rate of adlayer formation ͑chlorination͒ and adlayer removal ͑etching͒ for Ge etching; this had previously been noted for Si etching. 11 The content of the chlorinated adlayer is also insensitive to the dc substrate bias during Ge etching for substrate biases ranging from 0 to Ϫ100 V, corresponding to ion energies ranging from approximately 16-116 eV ͑using the 16 V plasma potential measured in Ref. 11͒ . In contrast, the chlorine content of the surface increases over the same dc bias range during Si etching. Increasing ion energy ͑1͒ leads to deeper penetration of chlorine into the subsurface in Si but not in Ge, ͑2͒ causes such changes for both Si and Ge but they are not seen by LD-LIF detection of desorbed GeCl, or ͑3͒ is not important in Ge because there is already deep penetration of thermal chlorine atoms or neutralized low-energy ions.
The XPS measurements after Ge etching in a chlorine HR plasma showed that the areal density of chlorine remained essentially constant ϳ2.6ϫ10 15 Cl/cm 2 from 40 to 117 eV ͑nearly overlapping the range of the LD-LIF ICP measurements͒ and increased slightly to ϳ2.8ϫ10 15 Cl/cm 2 at 170 eV. 21 This rules out possibility ͑2͒ and confirms the conclusions of the LD-LIF measurements. In contrast, during Si etching in the HR, the areal density of chlorine increased from 1.8ϫ10 15 Cl/cm 2 at 40 eV to 2.3ϫ10 15 Cl/cm 2 at 170 eV, which was also seen in LD-LIF measurements. 11 The Ge surface is more heavily chlorinated than the Si surface at low bias energies. Increased penetration of neutralized Cl ϩ or Cl 2 ϩ ions into Ge subsurfaces with larger ion energy, and subsequent chlorination of the subsurface, may be less important in Ge than in Si, possibly because there is more ion penetration in Ge at low ion energy. Higher ion energy may equally increase sputtering and chlorination of the adlayer on Ge.
Using XPS, Zhang et al. concluded that the adlayer on the Ge surface ͑ϳ5 Å͒ is slightly thicker than that on the Si surface ͑ϳ3 Å͒ when Ge and Si samples are, respectively, etched in chlorine-based reactive-ion etching ͑RIE͒ reactors. 
B. Etching mechanism
Oehrlein and co-workers have concluded that germanium etching in chlorine plasmas is ion enhanced on the basis of the variation of etch rate with pressure. 4 Vallon et al. studied the profile of masked Si/Ge bilayers etched in a high-densityplasma helicon source using a Cl 2 /O 2 /He gas mixture. 23 They found the etching profile to be nearly anisotropic and concluded that Ge etching is ion assisted in chlorine plasmas. They attributed the small amount of lateral etching they saw to spontaneous etching of the Ge sidewalls by oxygen. It is well known that Si etching is ion enhanced in Cl 2 plasmas.
The Since the same chlorine content of the GeCl x adlayer was measured for high ion current/fast etch conditions ͑bright mode͒ and low ion current/slow etch conditions ͑dim mode͒, both the adlayer chlorine content and the etch rate seem to be controlled by the ion current to the wafer. While many of these 17 steps are expected to be significant, it is not possible to determine their relative importance in this investigation. In a simplified model, which summarizes several features of reactions ͑1͒-͑9͒, chlorination occurs by
where XϭCl, Cl 2 , Cl ϩ , or Cl 2 ϩ ; xϭ0, 1, 2, or 3; Y ϭCl, Cl ϩ , or no species; and yϭ1, 2, 3, or 4. Similarly, the ion-induced sputtering reactions are summarized by
where ZϭCl ϩ or Cl 2 ϩ and ZЈϭCl, Cl 2 , or no species. The etch yield can be computed from Eqs. ͑18͒ and ͑19͒ using the etch rate, LD-LIF intensity, and ion flux measurements. Steady-state analysis of reactions ͑18͒ and ͑19͒ leads to the surface chlorination Cl . Reaction ͑19͒ gives the ionenhanced etch rate ͑ER͒ ͑atoms cm Ϫ2 s
Ϫ1
͒:
where ⌽ ion is the flux of ions, Y (E ion ) is the yield at constant Cl coverage, and E ion is the ion energy. E ion is assumed to be equal to the plasma potential ͑16 V͒ plus the magnitude of the dc bias voltage. Steinbrüchel 24 has reported the following sputtering yield expression for low ion energy:
where E th is the threshold energy and A is a proportionality constant. Figure 11 shows good agreement for the least squares fit of the etch yield Y for Ge with E ion 1/2 when plotted using Eq. ͑20͒ with a constant Cl ͑saturation͒. The LD-LIF and supporting XPS measurements indeed show that Cl is independent of ion energy for Ge etching. Langmuir probe measurements reported in Ref. 11 showed that the ion flux does not vary with ion energy, as expected. Figure 11 shows that the yield for Ge increases from ϳ1 atom/ion at 16 eV to ϳ3 atoms/ion at 116 eV.
For comparison, Fig. 11 also plots the etch rate and yield for Si etching in this same ICP using data presented in Ref.
11. The etch yield for Ge is about three times larger than that for Si. The yield Y has been plotted assuming that Cl is independent of E ion ; it increases from ϳ0.33 atoms/ion at 16 eV to 1.05 atoms/ion at 106 eV-the same factor of ϳ3 increase as seen for Ge in this range of ion energy. However, in Refs. 10 and 11 it was shown that Cl increases with ion energy by a factor of ϳ1.8 for Si etching in the range plotted. In Ref. 22 it was demonstrated that much of this increase can be attributed to subsurface Cl, which is up to ϳ20 Å deep in the surface. Using this variation of Cl (E ion ) in Eq. ͑20͒, Y increases only by a factor of ϳ1.8 from 16 to 106 eV for Si if the incident ions sputter subsurface chlorine as effi- FIG. 11 . Solid and the dashed curves are the least square fit to Eqs. ͑19͒ and ͑20͒ for the sputter yield of Ge and Si, respectively, vs the square root of ion energy. The etch rates of Ge ͑᭹͒ and Si ͑͒ are also plotted for reference.
ciently as they do surface-bound chlorine. If this is not the case, the dependence of Y plotted in Fig. 11 is more accurate.
The extrapolated yield fits in Fig. 11 suggest that the threshold energy for Ge is near zero, while that for Si is about 1.4 eV. In a previous study of Si etching in a helical resonator, 10 E th was also found to be near zero. For comparison, note that the reported value of the threshold energy for Si is ϳ20 eV during Cl-Cl ϩ beam etching 25, 26 and 25 eV during Cl 2 -Cl 2 ϩ beam etching. 27 Perhaps the surface binding energies of volatile products are lower in a real high charge density plasma ͑ICP, HR͒ than those formed in such ''simulated'' ion-beam-etching type experiments, because the ion flux is much larger (Ͼ4ϫ10 16 cm Ϫ2 s
) than that used in the ion beam etching experiments (Ͻ1ϫ10 16 cm Ϫ2 s
) or the ratio of neutrals flux to ion flux is much higher. Figure 12 plots the etch rate and yield versus rf power for Ge and Si, the latter plotted using data from Ref. 11 . The measurement of ⌽ ion with rf power reported in Ref. 11 is used to determine the yields. Cl shows no systematic variation with rf power for either Ge or Si etching ͑and that Cl is also the same for dim-and bright-mode operation͒. The ion yield is roughly 2 Ge atoms/ion and 0.8 Si atoms/ion at 56 eV ion energy, and these yields are both fairly independent of rf power. While this may not seem surprising, in ways it is remarkable because of the larger variation of plasma conditions over this range of rf power. There is an order of magnitude increase in ion flux from dim-to bright-mode operation, as well as a linear increase of flux with power within each mode. In dim-mode operation, Cl 2 is largely undissociated, while in bright-mode operation Cl 2 is increasingly dissociated into Cl, with ϳ80%-90% of the Cl 2 dissociated at 600 W. Cl 2 ϩ is the dominant ion in dim-mode operation, while it is not clear whether Cl ϩ of Cl 2 ϩ is dominant in bright-mode operation-both may be important. It is not clear whether the plotted variations of yield with rf power are real or ͑as seems more likely͒ are due to uncertainties in experimental parameters.
The threshold energy for Ge appears to be lower than that of Si. Even though this small difference ͑Ͻ2 eV͒ is within experimental uncertainty, it may be significant and may indicate that the binding energy for GeCl x on Ge is lower than that for SiCl x on Si. No etch yield analysis of Ge in a chlorine plasma environment has been previously reported. In a temperature-programmed desorption study of a Cl-covered Si͑111͒ surface, SiCl 2 desorbed at 950 K when the substrate was heated at 9 K/s ͑both at initial low and saturation coverage͒. 28 Similar results were obtained for a Cl-covered Si͑100͒ surface when the substrate was heated at 5 K/s. 29 The activation energy of the desorption of SiCl 2 , assuming second-order kinetics, was 71-73 kcal/mol, 28, 29 which corresponds to ϳ3 eV per molecule. In contrast, GeCl 2 desorbed at 675 K when a Ge͑100͒ surface exposed to HCl was heated at 2 K/s. 19 This peak temperature for GeCl 2 desorption remained at 675 K ͑to within 10 K͒ for initial HCl coverages between 0.03 and 0.5 ML ͑saturation͒; the kinetics of desorption was assigned to be near first order. No desorption activation energy of GeCl 2 was reported. These results suggest that for thermally prepared surfaces the desorption activation energy of GeCl 2 is lower than that of SiCl 2 . Consequently, the surface binding energy and, consequently, the threshold yield energy for GeCl are presumably lower than those for SiCl for plasma-exposed surfaces.
Physical sputter etching studies of Ge and Si by inert gas ions such as Ar ϩ support the ion-enhanced etching mechanism suggested by this study. Ar ϩ ions ͑200 eV ion energy, 1 mA/cm 2 ion current density͒ sputter etch Ge ͑490 Å/min, giving Ge atoms͒ 3ϫ faster than Si ͑160 Å/min, giving Si atoms͒. 30 This factor of 3 is also found in the reported studies of chlorine ions incident on chlorinated Ge and Si surfaces, giving GeCl and SiCl, in the ICP. This faster sputter etching for Ge than for Si suggests the relative ease of substrate attack for bond breaking by incoming ions for Ge compared to Si.
V. CONCLUSIONS
Laser desorption of the GeCl x surface adlayer followed by laser-induced fluorescence detection of desorbed GeCl has been used to measure the degree of chlorination of the adlayer during Ge etching in a Cl 2 ICP reactor. The Ge surface is twice as chlorinated during ICP etching as it is during exposure to chlorine with the plasma off. Wait and probe measurements have shown that this GeCl x adlayer is quite stable. The steady-state GeCl x coverage increases rapidly to a saturation level, even at very low rf power ͑within 0.1 s at ϳ100 W͒ and is independent of rf power up to 600 W. At the same low power, the SiCl x adlayer that forms during Si etching takes much longer ͑ϳ5 s͒ to reach steady state.
The chlorine content of the adlayer is insensitive to the dc substrate bias ͑0 to Ϫ100 V͒, and consequently to the ion energy ͑16-116 eV͒ during Ge etching; this was confirmed by XPS analysis in a helical resonator. In contrast, the adlayer becomes more highly chlorinated with increasing dc bias during Si etching. It is unlikely that increasing ion energy leads to even deeper penetration of chlorine into the subsurface in Si but not in Ge. Perhaps the Ge subsurface is more easily attacked by ions than Si to provide extra sites for chlorination even at low bias, and bombardment by high ion energy ͑or fluxes͒ both enhances sputtering and steady-state chlorination during Ge etching. Etch yield analysis showed FIG. 12 . Sputter yield of Ge ͑᭺͒ and Si ͑ᮀ͒ vs rf power ͓18 mTorr, Ϫ40 V dc bias ͑56 eV ion energy͔͒. The etch rates of Ge ͑᭹͒ and Si ͑͒ and the ion flux ͑alternating dot-dashed curve͒ are also plotted for reference.
that the etch yield of Ge increases from ϳ1 to 3 atoms/ion over this ion energy range, which is about 3ϫ that for Si. Ge appears to have a lower threshold energy for ion etching than Si during Cl 2 plasma etching.
Since the etch rate closely follows the ion current as the rf power is changed while the chlorine content of the adlayer does not change with power, the ion current to the wafer controls both the etch rate and the chlorine content of the adlayer; this has also been seen for Si etching.
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